Introduction {#s0001}
============

The insect integument provides an efficient physical barrier against infection, and most pathogens therefore infect their insect hosts via the oral route when ingested with food. Only pathogenic fungi such as *Metarhizium robertsii* (Hypocreales, Clavicipitaceae), formerly known as *Metarhizium anisopliae*, can invade insect hosts directly through the cuticle. The latter is a structurally and chemically complex tissue, comprising a waxy layer of fatty acids, lipids and sterols, covering an epicuticle that predominantly consists of sclerotized proteins and smaller amounts of chitin.[@cit0001]

The binding of fungal conidia to the insect cuticle is mediated by hydrophobic interactions and results in germination, accompanied by the release of enzymes such as lipases and proteinases.[@cit0004] Entomopathogenic fungi enter their host by a combination of physical force and enzymatic degradation.[@cit0005] The conidia have limited resources to produce enzymes and the host cuticle contains proteinase inhibitors. Theory suggests that only fungal proteinases that are uninhibited or incompletely inhibited by host-derived proteinase inhibitors can operate as virulence factors because they alone would fulfill the functions necessary for successful infection, such as penetration of the exoskeleton, utilization of host proteins for nutrition, suppression of host cellular immune responses, and degradation of host defense molecules.[@cit0006] The demand for proteolytic enzymes that are not susceptible to host proteinase inhibitors has imposed diversifying selection during host--pathogen coevolution, resulting in the broad spectrum of proteolytic enzymes produced by entomopathogenic fungi such as *M. robertsii.* This spectrum encompasses subtilisin-like and chymotrypsin-like proteinases as well as metalloproteinases.[@cit0007]

The selective pressure on fungal virulence-associated proteinases is enhanced by the ability of insect hosts to sense fungal infections and respond by activating immune responses, including the synthesis of antifungal peptides and proteinase inhibitors. The response to *M. robertsii* involves transcriptomic reprogramming regulated by epigenetic mechanisms such as microRNA expression, which controls protein synthesis at the post-transcriptional level, and the acetylation and deacetylation of histones mediated by histone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively.[@cit0008] The opposing activities of these enzymes are tightly regulated. The acetylation of histones by HATs promotes access to DNA and thus facilitates gene expression, whereas the removal of acetyl groups by HDACs has the opposite effect.[@cit0009]

The use of next-generation sequencing to study *M. robertsii* and its insect hosts at the transcriptomic level has identified a large number of genes that are regulated in either the pathogen or the host during pathogenesis.[@cit0007] However, these approaches cannot distinguish the causes and consequences of mutually-induced transcriptional responses. Such insights require studies focusing on the interacting molecules. For example, *M. robertsii* is known to produce a thermolysin-like metalloproteinase from the highly toxic M4 family, which includes a number of prominent virulence factors associated with human pathogens.[@cit0012] Interestingly, the thermolysin-encoding genes have diversified in the genus *Metarhizium*.[@cit0013]

The larvae of the greater wax moth *Galleria mellonella* (Lepidoptera, Pyralidae) can be used as a model host to decipher molecular and cellular interactions between entomopathogenic fungi and their host insects. The presence of even minute amounts of the *M. robertsii* thermolysin-like metalloproteinase is sufficient to induce immune responses that are qualitatively (spectrum of induced immunity-related proteins) and quantitatively (expression levels of these induced proteins) comparable with those observed following the injection of microbial elicitors.[@cit0014] The thermolysin-mediated hydrolysis of hemolymph proteins and extracellular matrix proteins such as type IV collagen results in the formation of specific peptides which function as danger signals.[@cit0016] The latter indicate the presence of the microbial metalloproteinases and in turn induce the synthesis of the insect metalloproteinase inhibitor (IMPI), which is currently the only known peptide-based and specific inhibitor of thermolysin-like metalloproteinases in animals.[@cit0018] Interestingly, the immunity-related transcriptome of *G. mellonella* contains at least eight homologous IMPI genes.[@cit0020] The diversification of thermolysin-like metalloproteases in *M. robertsii* and IMPI genes in *G. mellonella* may reflect reciprocal adaptations that have occurred during host--pathogen coevolution.[@cit0020]

Transcriptional reprogramming of the host during infection therefore appears to be triggered by microbial enzymes that activate immunity-related genes, which in turn cause feedback regulation in the pathogen.[@cit0015] As proof of principle, we infected *G. mellonella* larvae with virulent and virulence-attenuated strains of *M. robertsii* to investigate the strain-dependent expression of selected IMPI homologs. It is unclear how the fungi cope with the destructive anti-fungal molecules and remain viable as a pathogen in the hostile host environment. We therefore designed a reductionist approach to determine whether entomopathogenic fungi can sense the presence of host defense molecules and respond by inducing the synthesis of proteolytic enzymes against these new targets. We used gelatin as a simple model substrate to represent insect cuticle proteins. *Metarhizium robertsii* conidia placed on gelatin-containing agar or in liquid culture medium can only grow if they produce proteinases to utilize gelatin as a nutritional substrate, and the expression of such proteinases is easy to measure. The addition of insect-derived antifungal peptides such as metchnikowin, or class-specific proteinase inhibitors, allowed us to experimentally mimic a host immune response.[@cit0022] Our experiments were designed to determine whether parasitic fungi can sense the induction of immune responses in the infected host and counteract the response in a specific manner. We investigated whether host defense molecules such as antimicrobial peptides and proteinase inhibitors can in turn affect conidial germination thereby causing epigenetically regulated transcriptional reprogramming in the entomopathogenic fungi, to induce the synthesis of further enzymes as a counterattack (reciprocal feedback regulation).

Results {#s0002}
=======

Manipulation of immunity-related gene expression in *G. mellonella* larvae by *M. robertsii* strains {#s0002-0001}
----------------------------------------------------------------------------------------------------

We measured immunity-related gene expression in *G. mellonella* larvae by inoculating them separately with two strains of *M. robertsii*. We selected fungal strains showing contrasting virulence in *G. mellonella* following infection by injection or through the natural route.[@cit0009] For example, the mortality of the larvae was 100% on day 5 after the injection of strain 43 conidia at 10^2^ cfu/ml, whereas no larval mortality was observed with the same dose of strain 79 at the same time point (Supplementary Fig. 1). When these two fungal strains infected the *G. mellonella* larvae separately by penetrating the cuticle (natural route), we observed the induction of different homologs of IMPI 2 d after inoculation ([Fig. 1](#f0001){ref-type="fig"}). In larvae exposed to strain 79, the expression of all IMPI homologs except IMPI4 was similar to the levels in larvae inoculated with strain 43 after 9 d ([Fig. 1](#f0001){ref-type="fig"}).[@cit0020] We compared the expression levels of individual IMPI homologs in larvae infected with the different fungal strains at each specific time point, between time points in larvae infected with a particular fungal strain, and between treated and untreated last-instar larvae. There was no statistically significant difference in the fold change of IMPI expression when we compared the larvae injected with different strains at any specific time point. There was an overall increase in the expression of IMPI 1 and IMPI 2 between 2 and 9 d in larvae infected with either strain (IMPI 1, p = 0.0002, IMPI 2, p = 0.0003). However, only in larvae infected with strain 43 was IMPI 1 significantly upregulated after 9 d compared to the untreated control (p = 0.01667). In larvae infected with strain 79, the expression of IMPI 3 was also upregulated after 2 d (p = 0.02362). Figure 1.Transcriptional activation of *G. mellonella* IMPI homologs in response to pathogenic strains of *M. robertsii.* Expression levels were determined by RT-PCR relative to the same genes in untreated last-instar larvae and were normalized against the 18*S* rRNA gene. Data are means of three independent measurements ± standard deviations.

Recognition of antifungal compounds by *M. robertsii* strains {#s0002-0002}
-------------------------------------------------------------

We prepared 1% gelatin substrates individually supplemented with trypsin inhibitor, metchnikowin, IMPI or lysozyme, and then monitored conidial germination ([Fig. 2](#f0002){ref-type="fig"}). Conidia grown on 1% gelatin without supplements were used as a control. The control germination frequencies of strains 43 and 79 were 97% and 92%, respectively. After 26 h, the strongest suppression of conidial germination in strains 43 and 79 was achieved by trypsin inhibitor (germination frequencies of 9.8% and 17%, respectively), followed by metchnikowin (germination frequencies of 34% and 63%, respectively), and then IMPI (germination frequencies of 65% and 70%, respectively) ([Fig. 2](#f0002){ref-type="fig"}). Lysozyme also inhibited the germination of strains 43 and 79 (germination frequencies of 61% and 84%, respectively). We observed significant differences in the germination frequency of conidia in the presence and absence of antimicrobial peptides for both strain 43 (p = 5.045 × 10^−7^) and strain 79 (p = 8.598 × 10^−8^). Compared to untreated controls, the germination frequency of strain 43 conidia was significantly repressed in the presence of trypsin inhibitor (p \< 0.001), metchnikowin (p \< 0.001), IMPI (p = 0.0298) and lysozyme (p \< 0.001). Similarly significant differences were observed for strain 79 in the presence of trypsin inhibitor (p \< 0.001), metchnikowin (p \< 0.001) and IMPI (p = 0.00157), but not in the presence of lysozyme. We did not compare differences in germination frequencies between strains 43 and 79 in the presence and absence of antimicrobial peptides because this was beyond the scope of the current study. In [Fig. 2](#f0002){ref-type="fig"}, the p-values (\*\*\*p \< 0.001, \*\*p \< 0.01, \*p \< 0.05) represent significant differences in germination frequencies when comparing conidia in the presence and absence (untreated control) of the treatments described above. Figure 2.Germination of *M. robertsii* conidia in the presence of antimicrobial peptides and proteinase inhibitors. Conidia of *M. robertsii* strains 43 and 79 were inoculated in gelatin supplemented with trypsin inhibitor, metchnikowin, IMPI or lysozyme. Germination frequencies were measured 26 h post-inoculation. Data are means of three independent experiments ± standard errors (\*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05; treatments compared to untreated controls).

Antifungal peptides induce *M. robertsii* extracellular proteinase activity {#s0002-0003}
---------------------------------------------------------------------------

The extracellular proteinase activity of *M. robertsii* culture supernatants exposed to different antimicrobial compounds was determined using fluorescein isothiocyanate (FITC)-labeled casein as a substrate ([Fig. 3A](#f0003){ref-type="fig"}). The p-values in [Fig. 3A](#f0003){ref-type="fig"} (\*\*p \< 0.01, \*p \< 0.05) represent proteinase activities in strains 43 and 79 after treatment, compared to the corresponding untreated control. In the presence of antimicrobial peptides, the proteinase activity differed significantly from the control (black bar) after 24 h in strain 43 (p = 0.009285) and strain 79 (p = 0.009285). Compared to the untreated control, the proteinase activity of strain 43 was significantly enhanced only in response to metchnikowin (p = 0.00402). In contrast, the proteinase activity in strain 79 was significantly reduced in response to metchnikowin (p \< 0.04), but it increased significantly in response to trypsin inhibitor, IMPI and lysozyme (in all cases, p \< 0.01). We did not detect any significant differences in proteinase activity after 72 h in either strain (data not shown). Figure 3.Extracellular proteinase activity of *M. robertsii* in the presence of antimicrobial peptides and proteinase inhibitors. (A) Nonspecific extracellular proteinase activity in *M. robertsii* strains 43 and 79 following the application of trypsin inhibitor, metchnikowin, IMPI or lysozyme was determined by fluorimetry using casein as a substrate. (B) Metalloproteinase activity was determined using the fluorigenic peptide Mca-RPPGFSAFK (Dnp)-OH as a substrate. Data are means of three independent experiments ± standard errors (\*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05; treatments compared to untreated controls).

We also used the fluorigenic peptide Mca-RPPGFSAFK (Dnp)-OH as a substrate to measure metalloproteinase-specific activity ([Fig. 3B](#f0003){ref-type="fig"}). The p-values in [Fig. 3B](#f0003){ref-type="fig"} (\*\*\*p \< 0.001) represent metalloproteinase activities in strains 43 and 79 after treatment compared to the corresponding untreated control. We did not detect any significant differences in metalloproteinase activity after 24 h in either strain (data not shown). However, in the presence of antimicrobial peptides, the metalloproteinase activity differed significantly from the control (black bar) after 72 h in strain 43 (p = 8.98 × 10^−8^) and strain 79 (p = 1.458 × 10^−7^). Compared to the control, the metalloproteinase activity of strain 43 was significantly enhanced only in response to IMPI (p \< 1 × 10^−6^) and lysozyme (p = 1.6 × 10^−6^) but was significantly reduced in response to metchnikowin (p \< 1 × 10^−6^). Metalloproteinase activity in strain 79 declined in response to trypsin inhibitor (p \< 1 × 10^−4^) and metchnikowin (p = 0.000203), and increased slightly in response to IMPI (p \< 1 × 10^−4^).

*Metarhizium robertsii* can selectively regulate the expression of virulence genes to circumvent insect antifungal responses {#s0002-0004}
----------------------------------------------------------------------------------------------------------------------------

The ability of *M. robertsii* to counteract insect antifungal responses was investigated by monitoring chymotrypsin and metalloproteinase gene expression by RT-PCR. We found that the inoculation of *M. robertsii* onto a gelatin substrate supplemented individually with trypsin inhibitor, IMPI, metchnikowin or lysozyme resulted in the differential expression of *chy1, mep1* and a gene encoding an M4 metallopeptidase-like protein. We observed the differential expression of *chy1* in strain 43 in the presence and absence of antimicrobial peptides 3 days (p = 5.064 × 10^−5^) and 6 days (p = 1.711 × 10^−7^) after inoculation, and similarly in strain 79 after 3 days (p = 1.711 × 10^−7^) and 6 days (p = 0.0208). The *chy1* gene was selectively and strongly induced in response to gelatin supplemented with metchnikowin in strain 43 (p \< 0.001) and in strain 79 (p\<1 × 10^−4^) 3 days after inoculation ([Fig. 4A](#f0004){ref-type="fig"}), whereas in response to trypsin inhibitor *chy1* was induced to a limited extent in strain 43 (p = 0.00765) and more robustly in strain 79 (p = 0.0112). Lysozyme triggered the upregulation of *chy1* only in strain 43 (p = 0.04352). The expression of *chy1* increased further in strain 43 (p \< 0.001) and strain 79 (p = 0.00209) 6 days after inoculation in response to metchnikowin ([Fig. 4b](#f0004){ref-type="fig"}). We also observed the selective upregulation of *chy1* in response to trypsin inhibitor (p \< 0.001), lysozyme (p = 0.00515), and IMPI (p \< 0.001) in strain 43, but not in strain 79, 6 days after inoculation ([Fig. 4B](#f0004){ref-type="fig"}). The p-values in [Fig. 4](#f0004){ref-type="fig"} (\*\*\*p \< 0.001, \*\*p \< 0.01, \*p \< 0.05) represent gene expression levels in strains 43 and 79 after treatment compared to the corresponding untreated controls. Figure 4.Differential expression of *M. robertsii* *chy1* in response to proteinase inhibitors and antimicrobial peptides. The expression of *M. robertsii chy1* after (A) 3 d and (B) 6 d exposure to gelatin and gelatin supplemented with trypsin inhibitor, metchnikowin, IMPI or lysozyme was determined by RT-PCR relative to expression levels in PDA without antimicrobial compounds or proteinase inhibitor. *Metarhizium robertsii* strains 43 and 79 inoculated in gelatin were used as controls. Values were normalized against the housekeeping gene *gpd*. Data are means of three independent experiments ± standard errors (\*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05; treatments compared to untreated controls).

Similarly, we observed the differential expression of *mep1* in strain 43 (p = 1.137 × 10^−7^) and strain 79 (p = 1.318 × 10^−5^) in the presence and absence of antimicrobial peptides 3 days after inoculation, but no differences in expression 6 days after inoculation. The expression of *mep1* was induced in strain 79 in response to metchnikowin (p \< 0.001), trypsin inhibitor (p \< 0.001), IMPI (p \< 0.001) and lysozyme (p = 0.0026) 3 days after inoculation, but in strain 43 *mep1* was only induced in response to lysozyme (p \< 0.001) at the same time point ([Fig. 5A](#f0005){ref-type="fig"}). After 6 days, the opposite *mep1* expression profile was observed in strain 43 in response to each of the antimicrobial peptides, although the differences were statistically insignificant ([Fig. 5B](#f0005){ref-type="fig"}). The p-values in [Fig. 5](#f0005){ref-type="fig"} (\*\*\*p \< 0.001, \*\*p \< 0.01) represent gene expression levels in strains 43 and 79 after treatment compared to the corresponding untreated controls. Initially the expression of the M4 metallopeptidase was induced in both strains, particularly in response to metchnikowin, but the expression levels only increased in strain 43 at a later time point (Supplementary Fig. 2). Figure 5.Differential expression of *M. robertsii* *mep1* in response to proteinase inhibitors and antimicrobial peptides. The expression of *M. robertsii mep1* after (A) 3 d and (B) 6 d exposure to gelatin and gelatin supplemented with trypsin inhibitor, metchnikowin, IMPI or lysozyme was determined by RT-PCR relative to expression levels in PDA without antimicrobial compounds and proteinase inhibitors. *Metarhizium robertsii* strains 43 and 79 inoculated in gelatin were used as controls. Values were normalized against the housekeeping gene *gpd*. Data are means of three independent experiments ± standard errors (\*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05; treatments compared to untreated controls).

To determine whether the selective reprogramming of virulence genes in response to specific antimicrobial challenges was regulated by histone acetylation, we selected HDAC and HAT genes based on their gene ontology (GO), and monitored their expression at the same time as the virulence genes (Supplementary Tables 1, 2 and 3). We found that the combined expression of HDACs and HATs complemented the expression of chymotrypsin and metalloproteinases, particularly in response to metchnikowin and IMPI, 3 and 6 days after inoculating strain 43 in gelatin (Supplementary Figures 3A and 4A). Similarly, the expression of HDACs and HATs complemented the expression of proteinases following exposure to metchnikowin, trypsin inhibitor and IMPI, 3 and 6 days after inoculating strain 79 in gelatin (Supplementary Figure 3B and 4B).

Degradation of metchnikowin and trypsin inhibitor by *M. robertsii* {#s0002-0005}
-------------------------------------------------------------------

We used LC/MS to determine whether the observed fungal responses to metchnikowin ultimately led to the degradation of the antifungal peptide and proteinase inhibitor. We therefore inoculated *M. robertsii* conidia into potato dextrose broth (PDB), supplemented the broth with either metchnikowin or trypsin inhibitor, and monitored their degradation for 3 days by screening for their multiply-charged pseudomolecular ions. The antifungal peptide metchnikowin ([Fig. 6A-B](#f0006){ref-type="fig"}) and trypsin inhibitor ([Fig. 7A-B](#f0007){ref-type="fig"}) were represented by strong and well-defined pseudomolecular ions at time points 0 and 72 h, similar to their purified state (Supplementary Figures 5--8). However, the metchnikowin signal declined substantially when exposed to strains 79 ([Fig. 6C-D](#f0006){ref-type="fig"}) and 43 ([Fig. 6E-F](#f0006){ref-type="fig"}), and a similar profile was observed for trypsin inhibitor following exposure to strains 79 ([Fig. 7C-D](#f0007){ref-type="fig"}) and 43 ([Fig. 7E-F](#f0007){ref-type="fig"}). These data confirm that both strains can degrade these insect-derived antimicrobial compounds albeit at different rates, with the more aggressive strain 43 achieving more rapid degradation than the less aggressive strain 79. Figure 6.Detection of multiply-charged pseudomolecular ions of metchnikowin. (A-B) Extracted ion current of the 5+ (*m/z* = 606.0) and 4+ (*m/z* = 757.5) charged pseudomolecular ions of metchnikowin following inoculation in PDB containing *M. robertsii* strains 43 or 79 at time point 0. (C-D) Corresponding data 72 h after inoculation for strain 79. (E-F) Corresponding data 72 h after inoculation for strain 43. The close-up shows the ESI+ mass spectrum in the *m/z* range 500--1100 (tR 19.1--19.7 min). Figure 7.Detection of multiply-charged pseudomolecular ions of trypsin inhibitor. (A-B) Extracted ion current of the 5+ (*m/z* = 1052.4) and 4+ (*m/z* = 1110.8) charged pseudomolecular ions of trypsin inhibitor following inoculation in PDB containing *M. robertsii* strains 43 or 79 at time point 0. (C-D) Corresponding data 72 h after inoculation for strain 79. (E-F) Corresponding data 72 h after inoculation for strain 43. The close-up shows the ESI+ mass spectrum in the *m/z* range 800--1400 (tR 28.9--29.7 min).

Discussion {#s0003}
==========

The pathogenicity of fungi relies on their ability to overcome innate immunity, and in the case of entomopathogenic fungi this involves the secretion of proteinases that breach the cuticle and allow colonization of the insect host.[@cit0001] Insects can detect these proteinases and release peptide-based proteinase inhibitors and antimicrobial peptides as defense molecules.[@cit0024] However, this antagonistic communication is not achieved by the expression of a static panel of inhibitors, as evident from the rapid emergence of insect resistance against fungi and other entomopathogens.[@cit0020] For example, insects have evolved resistance against harmful stimuli by increasing the number, expression level and/or functional diversity of genes encoding antimicrobial peptides, enzymes and detoxifying chemicals, albeit with an associated fitness penalty.[@cit0025]

*Metarhizium* spp. are known to respond to insect gene diversification by modulating the release of subtilisin-like proteinases, trypsin-like serine proteinases and metalloproteinases, which in turn determine their host range.[@cit0027] It is unclear whether such responses improve the ability of fungi to destroy insect defense molecules, but the interaction between fungal toxins and insect defense molecules is likely to exert strong positive selection pressure on proteinases and proteinase inhibitors that cannot be inhibited.[@cit0006] For example, the IMPI produced by *G. mellonella* appears to have undergone a functional shift from a serine proteinase inhibitor to a M4 metalloproteinase inhibitor.[@cit0029] Thus, fungal pathogens coevolve infection strategies to withstand specialized host antimicrobials through reciprocal adaptation. Our data show that *M. robertsii* can not only sense the presence of proteinase inhibitors and antifungal peptides produced by insects, but can counterattack by selectively expressing chymotrypsin and metalloproteinases that target the insect defense molecules for degradation. This implies that the fungus has evolved a strategy that reduces fitness costs and avoids the unnecessary waste of stored insecticidal resources during cuticle penetration, when external resources are unavailable.

Pathogenic fungi survive inside their insect hosts by releasing secondary metabolites.[@cit0030] For example, insecticidal destruxin and cytochalasin produced by *M. robertsii* affect the morphology and cytoskeletal arrangements of insect immune-system cells. Destruxin causes cytoskeleton remodeling in hemocytes and tetanic paralysis in insects by opening Ca^2+^ channels and triggering membrane depolarization.[@cit0031] Cytochalasin inhibits the formation of bundled actin filaments and microtubules, but has a lower impact than destruxin on *G. mellonella* larvae.[@cit0031] *M. robertsii* also evades the insect immune response by expressing the collagenous protein Mcl1 to prevent phagocytosis and encapsulation by hemocytes.[@cit0033] The exposure of *G. mellonella* larvae to destruxin and cytochalasin can selectively regulate the expression of antimicrobial proteins such as lysozyme and IMPI, mimicking infection by pathogenic strains of *M. robertsii*.[@cit0032] This indicates the existence of an adapted fungal strategy to release secondary metabolites that modulate the insect immune system and thus ensure its activity remains below harmful levels.[@cit0034] However, these inferences do not explain how two pathogenic strains (43 and 79) of *M. robertsii* differ in their ability to kill *G. mellonella* larvae upon exposure. The high-level expression of IMPI homologs was achieved earlier in larvae infected with the more aggressive strain 43 than the less aggressive strain 79. Even purified IMPI inhibited the germination of *M. robertsii* conidia similarly to lysozyme, trypsin inhibitor and the antifungal peptide metchnikowin. This suggests that pathogenicity in *M. robertsii* is determined by the timely release of selective proteinases which destroy the antimicrobials released by the host to prevent hyphal penetration of the insect cuticle. Moreover, the growth of non-virulent strains of *M. robertsii* can be arrested by increasing the lysozyme concentration, but this is not effective against virulent strains, suggesting the importance of proteinases as a strategy to disrupt antimicrobial resistance.[@cit0006] This was confirmed by the induction of proteinase activity in *M. robertsii* conidia following the switch from potato dextrose agar (PDA) to gelatin as a source of nutrients, because the latter mimics the sclerotic layer of the insect cuticle.

We observed higher metalloproteinase activity in the two different *M. robertsii* strains when they encountered alternative insect-derived antimicrobial compounds in the gelatin substrate, indicating their ability to sense and induce specific counterattacks against the antifungal components metchnikowin, trypsin inhibitor and lysozyme. Similarly, bacterial pathogens activate specific virulence genes such as *pho*Q when they recognize antimicrobial peptides.[@cit0035] The presence of metchnikowin specifically induced the expression of *M. robertsii* genes encoding chymotrypsin, M4 and M43 metallopeptidases. The expression levels were epigenetically regulated by histone acetylation, which is known to regulate the life cycles of human pathogens and innate immune response in insects following infection by the entomopathogenic bacterium *Bacillus thuringiensis* (Bacillales, Bacillaceae).[@cit0010] For example, acetylation of histone H3 lysine 56 maintains the genome integrity and virulence of *Candida albicans* (Saccharomycetales, Saccharomycetaceae).[@cit0039] The induction of HDAC and HAT genes in *M. robertsii* particularly in response to metchnikowin is an indicator of epigenetically regulated transcriptional activation, which has been customized to degrade this specific antifungal peptide. Metchnikowin specifically inhibits the growth of filamentous fungi and affects conidial germination in *M. robertsii*.[@cit0042]

Serine proteinases and metalloproteinases targeting metchnikowin were abundant and active in strains 43 and 79. We observed the complete degradation of metchnikowin by strain 43, as shown by the rapid disappearance of pseudomolecular ions representing this compound, whereas degradation took longer and was less efficient in the presence of strain 79. A similar profile was observed for the degradation of trypsin inhibitor, suggesting that the aggressiveness of fungal strains may depend on their ability to recognize and counteract diverse insect defense molecules. Strain-dependent differences in virulence affect the host range of *M. robertsii*. Pathogens with a broad host range are not specifically adapted to subvert host immune responses, and thus aggressively kill insects with toxins. Specialized pathogenic strains kill their host more slowly, achieving the maximum utilization of host nutrients by prolonging the infection process.[@cit0027]

We show that the entomopathogenic fungus *M. robertsii* can sense antimicrobial peptides and proteinase inhibitors produced by insects and then counterattack by expressing selected proteinases that cause the specific degradation of these defense compounds. The rapidity of the response is strain dependent and epigenetically regulated to induce insect mortality after infection. In conclusion, our results indicate that fungal pathogenesis is the culmination of attacks and counterattacks between pathogens and insects that has required the coevolution of reciprocal communication involving specific interacting molecules. The experimental manipulation of virulence factors and the expression of antifungal molecules will further improve our understanding of the evolutionary arms race between entomopathogenic fungi and their insect hosts.

Materials and methods {#s0004}
=====================

Insect rearing and infection {#s0004-0001}
----------------------------

*Galleria mellonella* larvae were reared on an artificial diet (TropicShop, Germany, 20329) at 32°C in darkness. Last-instar larvae, each weighing 250--350 mg, were used for all experiments. Approximately, 10^4^ conidia/ml from strains 43 and 79 were serially diluted and separately injected into larvae to determine mortality at 27°C. Simultaneously, natural infection was mimicked by exposing larvae to culture plates containing *M. robertsii* conidia for 5 min. Conidia that had adhered to the larval cuticle following exposure to the fungus were counted using a Neubauer Chamber by dipping individual larvae (at least five larvae per strain) into 1 ml PBS containing Triton X-100. The number of *M. robertsii* conidia was 2902/larva (standard error = 100.1). Inoculated larvae were maintained at 27°C, relative humidity 80%, and fed on an artificial diet for RNA isolation on the second and ninth days.[@cit0009] All experiments were repeated with a new batch of insects and fungal inoculum.

Fungal strains, culture with antifungal compounds and isolation of conidia {#s0004-0002}
--------------------------------------------------------------------------

Strains 43 and 79 of the parasitic fungus *M. robertsii* were obtained from the Julius-Kühn-Institute (Darmstadt, Germany) and were maintained on PDA (Carl Roth) at 27°C for 10 days to initiate conidiogenesis. The conidia were washed with 0.02% Triton X-100, filtered through miracloth to remove mycelia and sonicated before inoculation. We inoculated 100 μl of conidia (∼7 × 10^7^ conidia/ml) from each strain into 1% gelatin (Merck-Millipore, 9000-70-8) or PDB (Carl Roth) supplemented with insect-derived antimicrobial peptides and proteinase inhibitors, and maintained the cultures aerobically at 27°C. The precise response of *M. robertsii* to insect antimicrobials was determined by growing the fungal strains on gelatin rather than a standard growth medium such as PDA. The germination of conidia in 1% gelatin with or without insect-derived antimicrobial peptides and proteinase inhibitors was measured 26 h after inoculation using a Zeiss Axioplan microscope. Trypsin inhibitor (Carl Roth, 5279.1), lysozyme (Carl Roth, 8259.1), IMPI1 (prepared as previously described[@cit0019]) and synthetic metchnikowin in dimethylformamide (JPT Peptide Technologies) were dissolved in sterile water before mixing with 1% gelatin or PDB. The final concentrations were prepared as follows: trypsin inhibitor (6 μl of a 2.5 mg/ml stock dissolved in 1.5 ml medium to a final concentration of 10 μg/ml), metchnikowin (7.5 μl of a 10 mg/ml stock dissolved in 1.5 ml medium to a final concentration of 50 μg/ml), IMPI1 (55 μl of a 1.354 mg/ml stock dissolved in 1.5 ml medium to a final concentration of 50 μg/ml), and lysozyme (7.5 μl of a 10 mg/ml stock dissolved in 1.5 ml medium to a final concentration of 50 μg/ml).

Metarhizium robertsii proteinase assay {#s0004-0003}
--------------------------------------

*Metarhizium robertsii* extracellular proteinases including metalloproteinases were detected in culture supernatants by inoculating 100 μl *M. robertsii* conidia (∼7 × 10^7^ conidia/ml) into PDB supplemented with trypsin inhibitor, metchnikowin, IMPI1 or lysozyme (prepared as described above) and incubating the cultures at 27°C. The supernatants were collected after 24 and 72 h and centrifuged at 3000 × g for 5 min in order to remove fungal debris. Extracellular proteinase activity was measured in 100 µl culture supernatant using 100 µl FITC-labeled casein (Elastin Products Company, JB890) or the metalloproteinase-specific substrate Mca-RPPGFSAFK (Dnp)-OH fluorigenic peptide (R & d Systems, ES005). Cleavage of the substrate by fungal proteinases resulted in free reporter molecules which were quantified using a fluorescence microtiter plate reader (BioTek) at 27°C.

RNA isolation and RT-PCR {#s0004-0004}
------------------------

RNA from naturally infected larvae, and from fungal strains exposed to antifungal peptides and proteinase inhibitors, was isolated using the RNeasy Plant Mini Kit (Qiagen, 74903) following the manufacturer\'s recommendations. The quality of RNA was determined by ethidium bromide gel staining and the quantity was determined by spectrophotometry. Complementary DNA was synthesized using the First Stand cDNA synthesis kit (Thermo Fisher Scientific, K1621). Quantitative real-time PCR was carried out using the CFX 96 real-time PCR system (BioRad, Mx3000P) and the SensiMix-Sybr No-Rox Kit (Bioline, BIO-98005) according to the manufacturers\' protocols, with the gene-specific primers listed in Supplementary Table 4. Gene expression in *M. robertsii* and *G. mellonella* was measured using CFX Manager software (BioRad) relative to the reference genes *gpd (*MAA_07675) and 18*S* rRNA (AF286298), respectively.

Liquid chromatography--mass spectrometry {#s0004-0005}
----------------------------------------

The degradation of antimicrobial compounds was monitored using a high-resolution micrOTOF Q-II mass spectrometer (Bruker Daltonics) equipped with an orthogonal electrospray ionization source and coupled to an UltiMate 3000 HPLC instrument (Dionex) controlled by HyStar v3.2. *Metarhizium robertsii* conidia (∼7 × 10^7^ conidia/ml) were inoculated into PDB with or without metchnikowin or trypsin inhibitor. Fungal culture supernatants were sampled after 72 h, and were screened in positive ion mode for multiply-charged pseudomolecular ions of metchnikowin and trypsin inhibitor in the *m/z* range 500--1500. The capillary voltage was set to −4500 V, the end plate offset to −500 V, and the nebulizer pressure was adjusted to 1.60 bar. Dry N~2~ gas (99.9999%) was provided at a flow rate of 8 l/min and a temperature of 250°C. The target mass was set to *m/z* 1000 at a trap drive level of 100% using the smart parameter settings option. The instrument was operated in the maximum resolution scan mode.

Samples (10 µl) were injected into an Acclaim 120 C~18~, 3 µm, 120 Å, 2.1 × 150 mm column (Dionex) at a flow rate of 0.25 ml/min at 35°C. UV spectra were recorded at λ = 190--400 nm. Eluent A was water plus 0.1% formic acid, and eluent B was 80% acetonitrile in water plus 0.1% formic acid. LC-MS grade acetonitrile and formic acid were sourced from Sigma-Aldrich and water was purified using a Merck-Millipore Milli-Q system. The column was held at 95% A 5% B for 5 min, then a linear gradient from 5% to 100% B was applied over 40 min. Thereafter, the column was held at 100% B for 10 min, and returned to the initial conditions in 2 min before equilibration for 8 min.

Data analysis {#s0005}
=============

Statistical analysis ([Figures 1--5](#f0001 f0002 f0003 f0004 f0005){ref-type="fig"}) was carried out using *R* v3.3.3 (2017-03-06) (<https://www.R-project.org>). For [Fig. 1](#f0001){ref-type="fig"} (showing the expression of four IMPI homologs) exploratory data analysis using normal q-q-plots did not reveal any evidence against the assumption of normality for the untransformed expression values. Based on this, comparisons with the untreated control larvae (relative expression was set to 1, and hence was constant) were performed using two-sided one-sample t-tests. Comparisons between strains at each time point were performed using Welch\'s two-sided two-sample t-tests (which allow different variances in the underlying normal populations). The p-values were Holm-adjusted for multiple testing within each family of tests per gene. For [Fig. 2](#f0002){ref-type="fig"} (showing the germination frequency of conidia), 3 (proteinase and metalloproteinase activities), 4 (*chy1* expression levels) and 5 (*mep1* expression levels), exploratory data analysis using q-q-plots for the residuals of one-factorial analysis of variance (ANOVA) models for both the untransformed and log-transformed expression values was performed to determine whether normality could be assumed in either case. Depending on this, pairwise comparisons with the control were carried out using Dunnett\'s procedure with the untransformed or log-transformed expression values (*R*-package "*multicomp*") together with a heteroscedasticity-consistent estimator of the covariance matrix (*R*-package "*sandwich*")0[@cit0044]
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